Abstract: We present an optical waveguide technology for low-loss, compact and tunable planar integrated optical devices. Examples of devices realized in this technology include finite and infinite impulse response (FIR and IIR) filters and optical switches.
Introduction
The majority of the planar waveguide passive optical devices used in DWDM optical networks are nowadays being produced using optical waveguide technologies that match the large mode diameter and low refractive index contrast of optical fibers [1] . These waveguides exhibit low propagation losses and good coupling to optical fibers but the minimum bending radius that can be achieved is relatively large, leading to correspondingly large areas required for complex devices. For some applications also high index contrast waveguides, based e.g. on indium phosphide, are used. These allow a small bend radius and the realization of complex devices on a small area. Disadvantages are the poor matching to standard optical fibers, expensive technology, and high insertion loss [2] .
In this paper we give an overview of devices made using a waveguide core consisting of siliconoxynitride (SiON) [3] . The nitrogen-to-oxygen ratio in this material can be chosen freely, which allows the refractive index contrast of the waveguide to be adjusted, ranging from the low contrast of fiber-matched technologies to the high contrast of semiconductor waveguides. For the demonstration devices presented here, the refractive index contrast was chosen about five times higher than in standard fiber-matched technologies. This allows us to use small bending radii and make complex devices on a small area, while retaining the low coupling and propagation losses that characterize fiber-matched technologies.
Technology
A cross section of the waveguide geometry is shown in Figure 1 . The lower cladding layer is formed by thermal oxidation of the silicon substrate. The SiON core layer is deposited by plasma enhanced chemical vapor deposition (PECVD). The waveguide pattern is defined by optical contact lithography and transferred to the SiON layer by reactive ion etching (RIE). The etched waveguide pattern is overgrown with PECVD silicon oxide as the upper cladding layer [3] . The refractive indices of core and cladding layers are approximately 1.50 and 1.45, respectively, leading to an effective lateral index contrast of approximately 0.026. This strong guiding of the mode allows a bending radius of less than 0.8 mm without introducing noticeable bend or radiation losses. The propagation loss in the SiON channel waveguides is less than 0.1 dB/cm at 1550 nm [4] . The optical birefringence is less than 1×10 -4 , which leads to a TE-TM shift of less than 0.1 nm [3] . To enable device tuning, adjustable phase shifters can be implemented by depositing chromium heaters over the waveguides. The required heater power to achieve a 2π phase shift is 590 mW. The response time is less than 500 µs.
The waveguides have a relatively small geometrical cross section compared to standard single-mode fibers. Direct coupling of the waveguide to a standard single-mode fiber would result in a loss of 4 dB per facet. However, the coupling loss can be reduced to less than 0.6 dB per facet by using a short section of small-core fiber, fusionspliced to the standard fiber and butt-coupled to the optical chip.
The refractive index of the SiON waveguides can be changed by illumination with intense UV light. This effect can be used for device trimming or for the writing of gratings using a phase-shift mask. The achievable refractive index change, as determined from UV-written gratings, is larger than 2.5×10 -4 [5] 
Examples of devices
In addition to simple conventional waveguide devices, SiON waveguide technology also allows the fabrication of complex optical components. Among these are finite impulse response (FIR) filters, which can be realized in the optical domain by chaining directional couplers and delay lines [6] . A filter with dynamically variable filter curve can be achieved by using thermo-optically tunable couplers and delay lines. We used this concept to make a fully tunable 7 th -order FIR filter, used to dynamically flatten the gain curve of an erbium-doped fiber amplifier [7] . The device consists of a chain of 15 tunable Mach-Zehnder elements: eight symmetric elements, which function as tunable couplers, and seven asymmetric elements, which function as delay lines. The device layout is shown in Figure 2 , together with the measured gain-flattening results. A second important class of filter elements, infinite impulse response (IIR) filters, can be realized using short waveguide loops or ring resonators. These IIR filters exhibit sharp filter characteristics with only a small number of elements (rings). Figure 3 shows an example of such a ring resonator filter, used to determine the propagation loss in the SiON waveguides [4] . The filter shown here has a free spectral range (FSR), or filter curve repetition period, of 13 GHz, which is too small for use in DWDM systems. However, using smaller bend radii, it is possible to make filters with an FSR of 25 or 50 GHz. These could be used to make a tunable dispersion compensator [8] . A concept to build compact, complex switching devices is demonstrated in Figure 4 . This optical switch is based on thermo-optic beam steering by a waveguide array [9] . Light that enters the device via one of the input waveguides on the left side is led toward a first free space propagation region where it is distributed to the 16 array waveguides. In the second free space region the light from the array waveguides is refocused into one beam that couples the light into one of the output waveguides. The direction of this beam, and thus the addressed output waveguide can be adjusted via the phase gradient that is applied using the 16 heaters on the array waveguides. The right-hand side of Figure 4 shows the power distribution over the output waveguides of the device when used as a 1-to-8 switch. A crosstalk of less than -22 dB is measured for all eight switch settings. 
Conclusions
The SiON waveguide technology enables production of a wide range of tunable optical devices, as demonstrated by the device examples presented. The refractive index contrast chosen represents a good compromise between high integration density and low insertion loss. Because of the small bend radius of less than 0.8 mm, complex devices involving many optical building blocks can be made. Moreover small ring resonators with usable free spectral range can be used. The index contrast is small enough to allow the fabrication of low-transmission-loss waveguides using simple processes. Low-loss coupling to standard single-mode fiber is possible using a section of small-core fiber.
